To investigate abnormalities of airway epithelial ion transport underlying chronic inflammatory airway diseases, we performed electrophysiological, histological, and molecular biological experiments using rabbits exposed to SO2 as a model of bronchitis. By comparison with control, the SO2-exposed trachea exhibited decreased short circuit current (Isc) and conductance associated with increased potential difference. In normal trachea, apical ATP induced a transient Isc activation followed by a suppression, whereas the bronchitis model exhibited a prolonged activation without suppression. This pathological ATP response was abolished by diphenylamine 2-carboxylate or Cl--free bath solution. A significant increase in net Cl-flux toward the lumen was observed after ATP in our bronchitis model. Isoproterenol or adenosine evoked a sustained Isc increase in SO2-exposed, but not in normal, tracheas. The Northern blot analysis showed a strong expression of cystic fibrosis transmembrane conductance regulator (CFTR) mRNA in SO2-exposed epithelium. The immunohistochemical study revealed a positive label of CFTR on cells located luminally only in SO2-exposed rabbits. We concluded that the prolonged ATP response in our bronchitis model was of a superimposed normal and adenosine-activated current. The latter current was also activated by isoproterenol and appeared as a signature current for the bronchitis model airway. This was likely mediated by CFTR expressed in the course of chronic inflammation. 
Introduction
Cystic fibrosis (CF) 1 airway, known by its repetitive, intractable airway infections, has a causative relationship with a defective epithelial Cl Ϫ channel, the cystic fibrosis transmembrane conductance regulator (CFTR) (1) . As with CF, bronchial obstruction by airway hypersecretion is also the most common pathological failure of chronic inflammatory pulmonary diseases including chronic bronchitis, bronchiectasis, and bronchial asthma. Along with mucus hypersecretion, certain pathological alterations in airway epithelial ion transport may therefore contribute to these chronic pulmonary diseases as they do in CF airway. The acute effects of various inflammatory mediators or pathogens on normal epithelia have been investigated in vitro, e.g., tumor necrosis factor attenuated an isoproterenol-evoked chloride (Cl Ϫ ) current without altering baseline values (2) , and a cell wall component of Pseudomonas aeruginosa depressed short circuit current (Isc) due to decreased Na ϩ absorption and Cl Ϫ flux (3), whereas substance P (4) and eosinophil major basic protein (5) stimulated net Cl Ϫ secretion across canine airway epithelia. Although there have been many reports concerning the morphological and/or mechanical alterations in airways of animal models of bronchitis exposed in vivo to sulfur dioxide (SO 2 ) (6-8), tobacco smoke (9), or ozone (10) , apart from CF epithelia, information about the ion transport mechanism in such diseased airway epithelia as in chronic bronchitis, for example, is quite limited. The available papers, although small in number, suggest that there exist some alterations not only in the morphological but also in the bioelectric properties of pathological airway epithelia. For instance, the transepithelial electric potential difference (PD) was measured in vivo in human trachea (11) , and smokers' airway was revealed to have a lower (less negative) PD when compared with an agematched control group. In contrast, guinea pig airway exposed to ozone showed a higher ex vivo PD than that of normal animals (12) . Nevertheless, these studies indicate that the baseline bioelectric properties are affected in pathological airways. Therefore, it is likely that there may also be some changes in the electrophysiological responsiveness to agents that are known to affect epithelial ion transport. To our knowledge, however, there have not been any reports so far describing qualitative alterations in triggered electrolyte transport in diseased airway epithelia.
To address this issue, we used an SO 2 -exposed rabbit as a model for bronchitic airway, because the bioelectric properties of rabbit trachea have been well characterized (13, 14) and, also, because the methodology for preparing a bronchitic rabbit has been adequately established (15) . Moreover, rabbit trachea has several advantages as a model for epithelial ion transport. As shown previously, airway submucosal glands secrete Cl Ϫ in response to agonists such as acetylcholine, phenylephrine, and extracellular ATP (16, 17) . Since rabbit airway has essentially no submucosal glands (18) , we can exclude the possible contributions of these glands to Isc across airway epithelium in the presence of secretagogues. Furthermore, rabbit tracheal epithelium is primarily absorptive, a characteristic that is similar to that of human (13, 14, 19) .
On the other hand, this type of epithelium has been shown to have no Isc response to ␤ -agonists or agents that raise cellular cyclic adenosine 3 Ј ,5 Ј -monophosphate (cAMP) (13, 14, 19) , although it possesses ␤ -adrenergic receptors as well as an ability to increase the cellular level of cAMP in the presence of epinephrine, isoproterenol, or forskolin (20, 21) . The electric refractoriness of the freshly isolated rabbit trachea to isoproterenol and other cAMP-mediated agents was also confirmed in our previous study, and extracellular ATP was found to elicit a transient increase in Isc that was carried by Cl Ϫ , probably via P 2u -receptor (22) .
Extracellular nucleotides or their derivatives are among the promising candidates as therapeutic agents for CF airway (23) because they stimulate Cl Ϫ secretion through a path independent of CFTR, a cAMP-dependent Cl Ϫ channel that is defective in CF epithelia. Moreover, the release of nucleotides and nucleosides by PMN inflammatory cells has been implicated to play a central role in the ion-transport response to PMN-dominated inflammatory responses in model systems of human gut epithelia (24) . Accordingly, we examined the effects of extracellular ATP on freshly isolated trachea of SO 2 -exposed bronchitic rabbits using a short circuit technique. We here report that the tracheal epithelium from a rabbit model of bronchitis generated a unique current in response to exogenous ATP. Furthermore, the bronchitic epithelium was shown to carry Cl Ϫ in response to isoproterenol and adenosine, a phenomenon that was absent in normal tissues. This is the first report that shows a distinctive electrophysiological signature of bronchitic epithelium.
Methods
SO 2 bronchitis model. Adult male New Zealand White rabbits weighing 1.8-2.4 kg were used. Rabbits were exposed to SO 2 gas 2 h/d, 5 d/wk for 5-7 wk according to the physical status (see below) of individual animals in an exposure apparatus with a modification of an earlier publication (15) . The SO 2 gas concentration in the chamber was monitored with a sensor devised to measure 10-300 ppm of SO 2 by a color change of tetramethyl-p -diaminophenyl methane (15) . The exposure regimen was as follows. We exposed 50-100 ppm SO 2 for the first week and raised it to 100-200 ppm during the second week, and thereafter increased the concentration to 200-300 ppm for several weeks. Rabbits began to develop cough after 4 wk of exposure and were used for experiments when they showed expectoration and/or weight loss of Ͼ 300 g due to poor feeding. The clinical symptoms of rhinorrhea, sneezing, cough, expectoration, and weight loss were reversible and recovered within 2 wk after stopping exposure. Therefore, we used the animals within 3 d after the exposure period. This study was approved by the Animal Care and Use Committee of the Tohoku University School of Medicine. The care and handling of the animals were performed in accordance with National Institutes of Health guidelines for the care and handling of animals (25) .
Arterial blood gas analysis. In some rabbits, blood samples were drawn from an ear artery before anesthesia and analyzed by a blood gas analyzer (IL 1304S; Instrumentation Laboratory Inc., Lexington, MA). An approximate value of alveolar-arterial PO 2 difference (A-aDO 2 ) was calculated as 149 Ϫ PaCO 2 /0.85 Ϫ PaO 2 (Torr).
Electric characterization of rabbit trachea. Tracheas were removed from each rabbit under anesthesia with 30 mg/kg of intravenous thiopental, cleared of adjacent tissues, and placed in oxygenated KrebsRinger bicarbonate (KRB) solution containing (mM): 125 NaCl, 5 KCl, 1.2 MgCl 2 , 1.0 CaCl 2 , 25 NaHCO 3 , 1.2 NaH 2 PO 4 , and 11 glucose. In Cl Ϫ -free experiments, Cl Ϫ was removed and replaced with isomolar gluconate. Tracheas were opened along the posterior membrane and cut into four segments and mounted on Ussing type chambers. In some animals, the tracheal epithelial layer was peeled off using microscissors and microforceps under stereomicroscope and used for Northern blot analysis as described below. The Ussing chamber was 10 ml in volume with an exposed area of 0.5 cm 2 and bathed with KRB solution at 37 Њ C, gassed with 95% O 2 /5% CO 2 at pH 7.4. The KRB solution in the chambers was circulated by the driving pressure of the gas which mixed the added agents uniformly in the KRB solution. We used two pairs of agar bridges filled with 3% agar in 3 M KCl solution. The PD across the tissue was measured with a pair of bridges placed 3 mm from either side of the tissue, and was always referenced to the submucosal solution. The liquid junction potential was nullified using the amplifier circuitry (CEZ-9100; Nihon Kohden Co., Tokyo, Japan). The other end was connected to the amplifier via a calomel half cell. A second pair of bridges was placed 3 cm from either side of the tissue, the fluid resistance between which was compensated using the amplifier circuitry before mounting the tissues. This pair of electrodes was used to pass sufficient current across the tissue to bring the PD to zero. This Isc is equivalent to the sum of electrogenic transepithelial active ion movements. Before initiating the experiments, the mounted tissue was allowed to equilibrate with the circuit open. Baseline PD (in mV) was evaluated at the point in which the value attained a plateau, usually 20-40 min after mounting. The baseline Isc (in A/cm 2 ) was determined at ‫ف‬ 20 min after clamping the voltage at 0 mV. The electric conductance (G, in mS/ cm 2 ) was estimated from the change in current by applying voltage pulses of Ϫ 2 or Ϫ 3 mV at 0.5-or 3-min intervals.
Flux study. Cl was set at 0.546 and 0.709 MeV, respectively, and an external quenched standard curve was prepared by a dilution series of double-labeled solutions of known radioactivities. The radiocounts (cpm) of 22 Na and 36 Cl in the experimental samples were corrected automatically to dpm by a built-in program using the standard curve. Unidirectional fluxes of Na ϩ and Cl Ϫ were calculated from a conventional equation (26) 
where J is the unidirectional flux, in Eq/cm 2 /h; V is the volume of the chamber (10 ml); C 2 and C 1 are the radioactivities in the second and first samples for the flux period (with adequate corrections for the replaced cold KRB), in dpm/ml; t is the time period of the measurement (0.25 h); P * is the specific activity of the isotope in the bathing solution, in dpm/ Eq; and A is the area of the epithelial tissue exposed to bathing fluids (0.5 cm 2 ). Net flux was calculated as J net ϭ J m → s Ϫ J s → m ; where J net is the net ion flux and m and s refer to the mucosal and the submucosal side of the membrane, respectively. All fluxes were performed under short-circuited conditions. The tissues were paired on the basis of DC conductance ( Ͻ 25% difference).
Histologic studies. The excised tracheas were fixed with 10% formalin in phosphate buffer (pH 7.2). After dehydration with ethanol (90%, 100%), they were embedded in paraffin. Histologic sections were prepared and stained with hematoxylin and eosin or Eosinostain-Hansel ® (Torii and Co. Ltd., Tokyo, Japan). Immunohistochemical study. Tracheas from normal and SO 2 -exposed rabbits were fixed in periodate-lysine-paraformaldehyde at 4 Њ C for 2 h. After washings in sucrose (10%, 15%, 20%)/phosphatebuffered saline, they were embedded in O.C.T. compound (Miles Laboratories, Naperville, IL) in liquid nitrogen and stored at Ϫ 70 Њ C until use. The staining was performed with the alkaline phosphatase anti-alkaline phosphatase (APAAP) method (27) . Cryostat sections (5 m) were stained for CFTR using monoclonal mouse anti-human CFTR IgG antibodies specific to R-domain or to COOH terminus (Genzyme Corp., Cambridge, MA). The slides were incubated with the primary antibody (0.5 g/ml) diluted in Tris-buffered saline (TBS, 0.05 M Tris, 0.15 M NaCl, pH 7.6). After overnight incubation at 4 Њ C, the slides were incubated with anti-mouse immunoglobulin goat immunoglobulins (Dako Corp., Carpinteria, CA) diluted 40 times with TBS containing 1% bovine serum albumin (TBS/BSA) for 30 min at room temperature followed by an incubation with soluble complexes of alkaline phosphatase and mouse monoclonal anti-alkaline phosphatase (Dako Corp.) diluted 60 times with TBS/BSA for 30 min at room temperature. After repeating these procedures once more, slides were developed by exposure to substrate for 8 min with Fast red substrate system (Dako Corp.) according to the manufacturer's protocol, and counterstained with hematoxylin. As controls, slides were evaluated in the absence of the primary anti-human CFTR antibody or with an irrelevant primary mouse monoclonal antibody (anti-human CD8; Wako Pure Chemicals, Osaka, Japan).
RNA isolation and Northern blot analysis. Total RNA was isolated by lysing the cells in Isogene (Nippon Gene, Tokyo, Japan). Total RNA (20 g) was electrophoresed on a 1% agarose gel containing formaldehyde and transferred to nylon membranes (Hybond N; Amersham Life Science). Hybridization was carried out in solution with a final concentration of 5 ϫ sodium sulfate phosphate EDTA buffer (SSPE), 5 ϫ Denhardt's solution, 0.5% SDS, 20 g/ml denatured salmon sperm DNA, and 5 ϫ 10 5 cpm/ml of 32 P-labeled CFTR cDNA probe for 14 h. After hybridization, the membrane was washed once in 2 ϫ SSPE/0.1% SDS, twice in 1 ϫ SSPE/0.1% SDS at room temperature for 10 min, and then once in 1 ϫ SSPE/0.1% SDS at 60ЊC for 15 min. Autoradiography was performed by exposing an RX film (Fuji Photo Film Co., Tokyo, Japan) to the washed membrane.
The probe for CFTR cDNA. cDNA probe was prepared by reverse transcription-polymerase chain reaction. RNA from pancreas of normal rabbit was isolated as described above. Total RNA (1 g) was converted to first-strand cDNA with oligo-dT primer and reverse transcriptase (SUPERSCRIPT TM Preamplification System; GIBCO BRL, Gaithersburg, MD) according to the supplier's instructions. A 1,168-bp CFTR cDNA fragment was amplified by PCR from the firststrand cDNA with a set of primers which were designed according to the published rabbit CFTR cDNA sequence (28) . The primer sequences for the rabbit CFTR cDNA were 5Ј-TGCAAACATGGT-ATGACTCG-3Ј and 5Ј-GCCTCTCCCTGTTCTGAATCT-3Ј. Onehundredth of cDNA synthesis reaction volume was combined at a final volume of 20 l for PCR amplification using primers and 0.5 U of Taq DNA polymerase (TaKaRa, Otsu, Japan). PCR was performed for 40 cycles, each cycle consisting of denaturation at 94ЊC (1 min), annealing at 54ЊC (1 min), and elongation at 72ЊC (3 min). To confirm the specificity, a 1,120-bp cDNA fragment was amplified by second PCR with an internal primer and a 1Ϻ5,000 dilution of the first PCR product as template. The primers for the second PCR were 5Ј-TGCAAA-CATGGTATGACTCG-3Ј and 5Ј-GATGCGTCCGAATCTTCT-TC-3Ј. The PCR product of 1,120 bp was purified using QIAquick TM Gel Extraction kit (QIAGEN, Düsseldorf, Germany) according to the supplier's instructions. The cDNA fragments were labeled with 32 P using Multiprime DNA labeling system (Amersham Life Science) to generate the 32 P-labeled CFTR cDNA probe. Reagents. Adenosine, adenosine-5Ј-triphosphate (ATP) disodium salt, (Ϯ)-isoproterenol hydrochloride, amiloride hydrochloride, uridine-5Ј-triphosphate (UTP) sodium salt, 3-isobutyl-1-methylxanthine (IBMX), 8-(4-chlorophenylthio)-adenosine 3ЈϺ5Ј-cyclic monophosphate (cpt-cAMP), forskolin, ␣,␤-methyleneadenosine 5Ј-diphosphate (AMP-CP), and ionomycin calcium salt were purchased from Sigma Chemical Co. (St. Louis, MO). Diphenylamine-2-carboxylic acid (DPC) and anti-human CD8 antibody were from Wako Pure Chemicals. Anti-human CFTR monoclonal antibodies were from Genzyme Corp.
Statistical analysis. The data are presented as meanϮSEM. For mean comparisons, one-way ANOVA or unpaired two-tailed Student's t test was used, except where stated otherwise. When variances of the two groups were not uniform, Cochran-Cox test was used. Significance was accepted at P Ͻ 0.05. n refers to the number of experiments.
Results
Clinical and histological evaluations of SO 2 -exposed rabbits. During exposure to 200-300 ppm SO 2 , all rabbits developed cough, sneezing, nasal discharge, and sometimes cyanosis. Mucus hypersecretion was evident when the tracheas were opened for mounting in the chamber. Analysis of arterial Figure 1 . Light microscopic photographs of tracheas from rabbits exposed to SO 2 (a) or to filtered air (b). The tracheal sections from SO 2 -exposed animals showed a loss of cilia, an infiltration of polymorphonuclear cells, and a thickened dysplastic epithelial layer. Both of the sections were obtained from a midportion of trachea with similar diameters. Hematoxylin and eosin stain. Bar, 100 m.
blood gas showed significant hypoxemia compared with control animals, i.e., the values of PaO 2 , PaCO 2 , A-aDO 2 and pH for controls were 91.3Ϯ4.9, 38.2Ϯ2.1, 12.8Ϯ3.4, and 7.4Ϯ0.0, and for SO 2 -exposed rabbits 57.7Ϯ4.2, 39.6Ϯ5.1, 44.8Ϯ4.4, and 7.4Ϯ0.1, respectively (P values were Ͻ 0.001, 0.810, Ͻ 0.001 and 0.963, respectively, n ϭ 8 each). The A-aDO 2 values yielded a significant inverse correlation with transepithelial PD (r ϭ Ϫ0.544, P ϭ 0.0012, n ϭ 31). Histologic examination revealed injury and partial loss of cilia, goblet cell hyperplasia, epithelial thickening, and infiltration of PMN into the submucosal and mucosal layer (Fig. 1) . Almost all PMNs found in the present bronchitis specimens were considered to be neutrophils because of negative eosinophil staining.
Baseline electrophysiological properties in SO 2 -exposed epithelium. SO 2 -exposed tracheas yielded a significantly higher (more negative) PD, a lower Isc, and a lower G than those of normal tissues, i.e., PD, Isc, and G values for SO 2 -exposed tracheas were 25.4Ϯ1.1 mV, 62.3Ϯ2.0 A/cm (Table I ). In normal rabbits, the amiloride-sensitive fraction of the baseline Isc was 41.5Ϯ4.4% (n ϭ 4), whereas that of the Cl Ϫ -free was 48.8Ϯ4.9% (n ϭ 5). The SO 2 -exposed tracheas showed similar relative contributions, i.e., 34.3Ϯ3.6% (n ϭ 5) was amiloride sensitive and 42.1Ϯ5.8% (n ϭ 9) was sensitive to Cl Ϫ -deprivation. In the absence of Cl Ϫ , PD rose and G decreased significantly in both preparations (Table I) . Basolateral applications of the K ϩ channel blockers quinidine (10 Ϫ4 M, n ϭ 4 in normal and 5 in bronchitis) or tetraethylammonium chloride (TEA,  10 Ϫ3 M, n ϭ 1 each) were without effects on the basic electric parameters.
Distinct patterns of Isc response to exogenous ATP. In normal tracheas, apically applied ATP (10 Ϫ4 M) induced a transient increase in Isc (27.9Ϯ4.3 A/cm 2 above baseline) followed by a sustained suppression below the baseline (Ϫ22.8Ϯ 4.0 A/cm 2 , n ϭ 8) (see Fig. 2 ), which was associated with decreased electric conductance (Table II) . We reported previously that the initial activation of Isc was carried mainly by Cl and the following suppression was due, at least in part, to a decrease in Na ϩ conductance (22) . Luminal UTP (10 Ϫ4 M, n ϭ 6) and ionomycin (a calcium ionophore, 10 Ϫ5 M, n ϭ 4) showed qualitatively the same Isc responses as ATP (see Fig. 3 ). In contrast, the SO 2 -exposed epithelia exerted a sustained Isc increase in the presence of ATP without suppression, which was in striking contrast to the normal response ( Fig. 2 and Table  II) . This was associated with a significant increase in G. Luminal UTP (10 Ϫ4 M, n ϭ 7) caused a transient activation of Isc followed by a return to the baseline value, while ionomycin (10 Ϫ5 M, n ϭ 4) showed a pattern similar to that in normal tissues (see Fig. 3 ).
Differential effects of cAMP-mediated agents on both preparations.
To investigate the underlying mechanism of the ATP-induced sustained activation of Isc in SO 2 -exposed airway, we compared the effects of the ␤-adrenergic agonist isoproterenol (ISO) and adenosine (ADO), an ATP metabolite, on the two groups of trachea. In normal tissues, both ISO (10 Ϫ5 M, n ϭ 4) and ADO (10 Ϫ4 M, n ϭ 3) caused little, if any, alterations in the bioelectric parameters ( Fig. 3 and Table II) . Neither the phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX, 10 Ϫ3 M, n ϭ 3), a membrane-permeable cAMP analogue 8-(4-chlorophenylthio)-adenosine 3Ј:5Ј-cyclic monophosphate (cpt-cAMP, 10 Ϫ4 M, n ϭ 2), nor a stimulant of adenylyl cyclase forskolin (10 Ϫ5 M, n ϭ 3) induced any significant responses in normal tissues. This electric refractoriness of rabbit tracheas to ␤-adrenergic agonists or forskolin has been documented (13, 14, 19, 22) . Surprisingly, however, in SO 2 -bronchitis rabbit trachea, both ISO (n ϭ 5) and ADO (n ϭ 4) caused a significant increase in Isc associated with increased electric conductance (Fig. 3 and Table II ). The newly discovered ISO-and ADO-evoked currents in SO 2 -exposed epithelium were very similar to each other in time course and in magnitude ( Fig. 3 and Table II ). ISO and ADO are known to share a common cellular signaling pathway via cAMP. Ca 2ϩ was considered not to be involved in the current of bronchitis model since ionomycin affected tracheas from both groups in the same way (Fig. 3) . Therefore, we assumed that the ISO-and ADO-induced currents unique for this bronchitis model were evoked by a common cellular mechanism, which is described tentatively as I BE in this paper, which means a current unique for bronchitis model epithelium.
Effect of AMP-CP on ATP-induced currents. Extracellular catabolism of ATP into ADP, AMP, or ADO is known to be carried out by a ubiquitous ectoenzyme, ecto-5Ј-nucleotidase (29) . It might well be inferred that the ATP applied apically in this study was degraded to ADO, which in turn resulted in elevated cellular cAMP via adenosine A 2 -receptors, thereby evoking I BE . To test this hypothesis, we examined the effect of ␣,␤-methyleneadenosine 5Ј-diphosphate (AMP-CP, 3 ϫ 10 Ϫ4 M), an inhibitor of ectonucleotidase (30) , on the ATP-induced currents. As shown in Fig. 4 b, I BE was abolished in the presence of AMP-CP and the bronchitis model epithelium nearly recovered its normal ATP response (n ϭ 3), although the suppression after the initial activation was weak. The AMP-CPtreated SO 2 -bronchitis tissues still responded to ADO. Moreover, a combined application of UTP and ADO reconstituted the bronchitic ATP response (n ϭ 3, data not shown). In control tissues, AMP-CP itself caused no apparent alterations in baseline Isc as well as in the ATP-evoked current (n ϭ 4). Specification of the ion species carrying I BE . As shown in Fig. 4 c, amiloride failed to affect the ATP-induced current in bronchitis model (n ϭ 3), while a major portion of the current was abolished in the presence of diphenylamine 2-carboxylic acid (DPC, 5 ϫ 10 Ϫ4 M), a nonspecific Cl Ϫ channel blocker (to 18.6Ϯ4.0% of bronchitic control values measured at 10 min after ATP application, n ϭ 3) (Fig. 4 d) . When Cl Ϫ in the bathing solution was replaced by gluconate, the baseline current was decreased to ‫ف‬ 60% of that of the bronchitic control value (Table I) . Furthermore, a significant fraction of the ATP-or ISO-induced currents was abolished in the absence of Cl Ϫ as shown in Fig. 5 . Flux study. To further characterize the altered electrophysiological properties in SO 2 -exposed trachea, a flux study was carried out using radioactive 22 Na ϩ and 36 Cl Ϫ under shortcircuit conditions. We measured flows of Na ϩ and Cl Ϫ in basal (resting) and in the steady state Isc level after luminal ATP application, and compared normal and SO 2 -exposed tracheas. The results are summarized in Table III . The data showed clearly that the net flux of Na ϩ (J Naϩ net ) in control tissue was reduced after ATP treatment (from 1.58 to 1.00 Eq/ cm 2 /h, P Ͻ 0.01) without any significant alteration in Cl Ϫ fluxes. In contrast, the baseline J Naϩ net in the pathological trachea (0.95 Eq/cm 2 /h) was smaller than that of control tissues (1.58 Eq/cm 2 /h, P Ͻ 0.05), and no further suppression was observed after ATP exposure. J ClϪ net in baseline tended to be suppressed in SO 2 -exposed trachea (Ϫ1.62 vs. Ϫ0.94 Eq/cm 2 / h), but ATP increased it significantly, which was in good agreement with the electrophysiological observations. The SO 2 -exposed tissues were revealed to have a significantly lower basal Cl Ϫ flux in passive direction (from mucosa to submucosa, 2.54 Eq/cm Immunohistochemical study using mAb against CFTR. A major fraction of I BE was carried by Cl Ϫ , and its pathway was likely to have been activated by intracellular cAMP since both ISO and ADO were equally effective. The only cAMPstimulating Cl Ϫ pathway identified so far in airway epithelia is CFTR. Therefore, we performed immunohistochemical staining of rabbit tracheal specimens using monoclonal antibody against CFTR. As shown in Fig. 6 , a positive red stain was detected on the apical side of the cells which were located luminally (Fig. 6 d) , whereas the normal epithelium showed a negative stain (Fig. 6 b) . Interestingly, the epithelial cells at the most distal trachea, where the damage due to SO 2 exposure was minimal as evidenced by the only slightly damaged cilia, showed a diffuse positive staining throughout the cytosol (Fig. 6 f) .
Northern blot analysis for CFTR mRNA. To strengthen the present findings of immunohistochemistry for CFTR protein present in SO 2 -exposed epithelium, Northern blot analysis was carried out using isolated epithelial cells from normal and SO 2 -exposed tracheas (one normal and two SO 2 -exposed animals). As shown in Fig. 7 , the normal intact epithelium showed little, if any, expression of CFTR mRNA, which was consistent with the observation of others (28) . On the other hand, the mRNA was expressed strongly in SO 2 -exposed epithelial cells.
Discussion
Prolonged exposure of rabbits to high concentrations of SO 2 gas resulted in the clinical signs and pathophysiological changes in the respiratory tract consistent with those observed in humans with chronic bronchitis. We found that the value of A-aDO 2 was a useful predictor of the extent of the alteration in epithelial ion transport. The significant hypoxia and increase in A-aDO 2 in the present results may reflect a local shunt blood flow at the distal alveolar region due to bronchiolitis and/or mucus plugging, because the SO 2 -induced bronchitis is reversible both in function and morphology (6, 15) , and the alveoli is reported to be histologically intact during SO 2 exposure (8). The rabbit pathological trachea shares common morphological characteristics with other animal models of SO 2 -exposed bronchitis (6) (7) (8) except that mucus gland hypertrophy or the mucus gland itself is absent in the rabbit model. Although a quantitative study was not performed, one of the most prominent features noted in the SO 2 -exposed rabbit was a thickening of the airway epithelium (Fig. 1) . According to a detailed morphometric study using SO 2 -bronchitis dogs (6), the mean epithelial thickness more than doubled at all airway levels compared with that of control dogs, which is compatible with our and other's observations (8) .
We found that the SO 2 exposure had a profound effect on the basic epithelial electric characteristics. A high PD, a low Isc, and a markedly reduced G in the SO 2 -exposed rabbits had a striking similarity with the electrophysiological properties shown in the Cl Ϫ -replacement study (Table I) and also with those in CF airway (31) . Therefore, we considered that the bioelectric alterations in SO 2 -exposed airway might be explained by the closure of active Cl Ϫ conducting pathway(s). In fact, as shown in Table I , the absolute value of Cl Ϫ current occupied in total Isc was reduced from 42.4 in normal tissues to 24.3 A/cm 2 in bronchitic models, as estimated based on the Cl Ϫ -free experiments. However, this was also the case with Na ϩ transport, i.e., the amiloride-sensitive current was reduced from 38.4 to 23.9 A/cm 2 ( Table I) . Closure of luminal Na ϩ channels is thought to hyperpolarize the apical membrane, resulting in a reduction in PD (19) , which contradicts the present results. Accordingly, a suppression of the active Cl Ϫ movement may not be the sole basis of the present change of baseline electric parameters. It may be that the activation of basolateral K ϩ conductance, which also induces an increase in PD, is not involved in the present electrical alterations, because basolateral quinidine or TEA was without effect. An additional possibility is an interference of the passive cellular Cl Ϫ pathway due to the thickened epithelial layer produced through SO 2 exposure. A low in vitro PD observed in normal rabbit trachea has been explained by the existence of a passive Cl Ϫ conductance through the epithelial cells (13) , which forms a simple shunt of PD. If the thickened dysplastic epithelium, possibly produced by a hyperplasia of the basal cells (6) , did block this Cl Ϫ specific pathway, then the present results of the bronchitic change in basic parameters could be explained more reliably. This notion was supported by the flux study (Table III) . Passive unidirectional flow, i.e., flow from mucosa to submucosa for Cl Ϫ or that from submucosa to mucosa for Na ϩ , is thought to parallel the partial ionic conductance (32) . Accordingly, the significant decrease in the passive unidirectional flow of Cl Ϫ (J clϪ m→s ) in the present SO 2 -exposed trachea seemed to contribute mainly to the reduction in baseline electric conductance since J Naϩ s→m was not significantly different between the two groups.
The SO 2 -exposed rabbit airway epithelium acquired a reactivity to exogenous ␤-agonist. Although cultured fetal and adult rabbit trachea were reported to respond to epinephrine via ␤-receptors (33), freshly isolated normal rabbit trachea has been shown to be unresponsive to several cAMP-mediated agents including ISO (13, 14, 22) . The cellular mechanism of the present ISO-triggered current in SO 2 -exposed rabbit (I BE ) is considered to be involved also in the ATP-activated pathological response via ADO. As shown in Fig. 4 a, we happened to observe a biphasic current response to ATP in a bronchitis model. The initial rapid rise followed by a gradual activation in Isc strongly suggested that the typical ATP response in bronchitis model, as shown in Fig. 2 b, was a mixture of the two current components. That is, the first phase was activated by the same mechanism as in the normal ATP response, which was followed by I BE induced by ADO. This was supported by the experiment using AMP-CP, a nucleotidase inhibitor. The ubiquity of ectonucleotidase on cellular membranes has been shown (29, 34) and the presence of adenosine receptors at the lumina was documented in human (35) and dog (36) airways. AMP-CP abolished the second phase current in SO 2 -exposed epithelium (Fig. 4 b) . This resembled the bronchitic UTP response (Fig. 3) that showed a transient activation of Isc without I BE , probably because the airway epithelium does not express receptors for UTP-metabolite uridine. It is of note that UTP exhibited a response without suppression in the bronchitis model (Fig. 3) . In normal tissue, this suppression is attributable to a decreased Na ϩ absorption as evidenced by the Figure 6 . Immuno-alkaline phosphatase stain of tracheal mucosa using mouse antibody raised against human CFTR R-domain. Sections in a-d were from proximal trachea and e and f were from distal trachea. a, b, and e were tissues from normal animals, while c, d, and f were from bronchitis model animals. The left panels (a, c, and e) were without mAb against CFTR (negative control), while those in right panels (b, d, and f) were with CFTR antibody. As shown in d, the positive red stain was detected on the apical side of the cells located luminally, whereas the normal epithelium showed a negative stain (b). The epithelium at the most distal trachea with only slightly damaged cilia had diffuse positive staining throughout the cytosol (f ). (Bar, 50 m).
present flux study (Table III) and our previous report (22) . A similar finding was reported also in sheep trachea treated with acetylcholine (37) . However, the underlying mechanism of the suppression of Na ϩ absorption has not been established. It is also unclear why the bronchitis model epithelium lost the suppression. The high expression of CFTR in SO 2 -exposed epithelium (found in the present immunohistochemical and Northern blot analysis) may be related to this phenomenon. CFTR protein has been reported to regulate other channel types including epithelial Na ϩ channel (38) . Therefore, it is possible that, in the bronchitis model airway, the upregulated CFTR protein might downregulate, at least in part, the activity of the Na ϩ channels. This may result in a weak suppression of Na ϩ absorption subsequent to ATP treatment. In fact, the baseline J Naϩ net was significantly depressed in SO 2 -exposed tissue when compared with control and was left unchanged after ATP exposure (Table III) .
There are some possible mechanisms underlying the activation of I BE . In a recent investigation using rabbit epithelial cells in culture (39) , nonciliated bronchiolar epithelial (Clara) cells were shown to generate a sustained Cl Ϫ current that was stimulated by ISO. If the proliferated epithelial cells in the present study included a population similar to Clara cells, the I BE could be attributed to its presence in the proximal airway. However, the major cell population reported to proliferate in bronchitis models appeared to be basal cells that are also present in normal airway (6) . Additional information concerning the biological and electrophysiological behavior of Clara cells in vivo may be required to address this possibility. As an alternative explanation, the expression of I BE may have resulted from de novo generation of several kinds of membrane receptors including adenosine-and ␤-adrenergic receptors in bronchitis model epithelium. However, this possibility is remote because the normal rabbit epithelium isolated from trachea already possesses abundant ␤-adrenergic receptors and generates cAMP in response to ISO, epinephrine, or prostaglandin E 2 (20, 21) . Therefore, we assumed that I BE was evoked through a newly generated effector sensitive to a common cellular mechanism shared by ATP, ISO, and ADO. Cyclic AMP, then, is the most probable candidate for the second messenger operating under these situations, being raised via ␤ 2 -adrenergic and adenosine A 2 receptors. In addition, the major portion of I BE was carried by Cl Ϫ , suggesting that CFTR was the effector. The nucleotide base pair homology of rabbit CFTR to that of human in exons 7-11 was between 86 and 91% per exon, and the R-domain synthetic peptide was reported to have 78% homology with the human cDNA (28) . On the basis of the striking similarity of human CFTR with rabbit, immunohistochemistry was conducted using commercially available monoclonal antibodies against human CFTR. As shown in Fig. 6 , positive dense staining of a label of CFTR was found on cells located at the lumina in the proximal trachea (Fig. 6 d) and a diffuse positive stain was recognized throughout the cytoplasm in the most distal trachea (Fig. 6 f) . This observation was further confirmed by Northern blot analysis, in which CFTR mRNA was upregulated strongly in the SO 2 -exposed epithelial cells (Fig. 7) . This was unexpected because a series of investigations has shown unequivocally a downregulation of CFTR gene expression by an inflammatory agent. That is, one of the stimulants of protein kinase C (PKC) and airway irritants, phorbol myristate acetate (PMA), suppressed CFTR mRNA expression in T84 colon carcinoma cell line (40) . Nevertheless, it is possible that an unknown mechanism coping with the action of PKC may get into operation in vivo in inflammatory airways such as bronchitis. In a report investigating a CF gene and protein expression during rabbit lung development, rabbit CFTR was recognized diffusely in the cytosol at 22 d of gestation and localized to the apical membrane at 29 d, but did not appear in adult rabbit (28) . It is not surprising, therefore, that a dedifferentiation occurred to the epithelial cells proliferating in a chronic inflammatory environment, expressing the fetal epithelial phenotype containing CFTR and thus acquiring the responsiveness to cAMP-mediated agents.
In this study, we showed that SO 2 -induced bronchitic epithelium produced an altered responsiveness to exogenous apical ATP, isoproterenol, or adenosine. The newly emerged current in bronchitis model epithelium, I BE , was carried mainly by Cl Ϫ and was activated by cAMP-mediated agents. By immunohistochemical and Northern blot analyses, the involvement of CFTR, a cAMP-regulated Cl Ϫ channel, is proposed as an underlying mechanism of the qualitative transformation in the triggered epithelial ion transport in SO 2 -exposed rabbit airway. Recently, in Streptococcus pneumoniae-infected rabbit airway, an upregulation of CFTR protein within the epithelial layer was reported by immunohistochemistry (41) . This indicates that the upregulation of CFTR is not specific to SO 2 -induced bronchitis but occurs more generally in inflammatory airways. The current in SO 2 -exposed airway we identified may reflect a functional adaptation of inflammatory airways to flush out pathogens or irritants, thus possibly contributing to the airway hypersecretion together with the actions of various inflammatory mediators. rRNA bands on formaldehyde gels after ethidium bromide staining. CFTR mRNA was expressed little in normal intact epithelium. In contrast, the mRNA was strongly expressed in SO 2 -exposed epithelial cells.
